[1] The dependency of nonsphericity on gravitational settling of mineral dust particles is parameterized for prolate ellipsoids and Reynolds number lower than 2. The settling speed is numerically solved from the momentum equation as a function of particle diameter and aspect ratio. The reduction of settling speed due to nonsphericity is included in the Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) model to simulate dust size distribution for April 2001. Two numerical schemes for solving sedimentation are compared. For particles of diameter greater than 5 mm, the simulated size distribution is sensitive to the numerical sedimentation scheme. Changing the particle shape from spherical to nonspherical with l = 2 makes little difference to the simulated surface concentration and size distribution except at the periphery of the dust sources. However, when very elongated particles (l = 5) are simulated, the differences between nonspherical and spherical particles are significant. With limited in situ measurements reporting most frequent l around 1.5, the overall effects on global modeling is rather negligible and the essential benefit is to relax the CFL condition of Eulerian settling schemes. 
Introduction
[2] Due to their optical properties, dust particles could play an important role on the radiation energy balance and climate forcing [Tegen et al., 1996; Sokolik and Toon, 1996; Weaver et al., 2002] . Several studies have shown that nonsphericity significantly affects the optical properties, and in particular the phase function [e.g., Mischenko, 1991; Mischenko and Travis, 1994; Mischenko et al., 1995; Koepke and Hess, 1988; Schulz et al., 1999; Kalashnikova and Sokolik, 2002] . From a mechanical point of view, the effect of nonsphericity on particles sedimentation have been studied for the past several decades, with applications in multiphases fluid flow [e.g., Boothroyd, 1971] , cloud ice crystals [Turco et al., 1982] , and particles in Titan's atmosphere [Toon et al., 1980] . However, current global transport models of mineral dust aerosol assume spherical particles. The motivation for this assumption is that optically, at the global scale, the most important particles are submicrometers. For such small particles sedimentation is a negligible removal process compare to wet deposition. However, at a regional scale, near the dust sources, the radiative effect of larger particles is not negligible.
[3] Considering spherical particles, models have been able to reproduce the observed size distribution up to 10 mm. Beyond that diameter, models generally underestimate dust loading [Tegen and Fung, 1994; Ginoux et al., 2001; Colarco et al., 2002] . Different explanations have been proposed but none have considered the effect of nonsphericity. The objective of this paper is to reexamine the assumption of sphericity in light of measured dust shape, and to evaluate the impact of nonsphericity on dust distribution. Another motivation of this study is to eventually find a physical explanation for the observed long-range transport of giant particles. For example, Goudie and Middleton [2001] reported that particles larger than 62.5 mm are commonly carried from Sahara to the British Isles.
[4] In the first section, the momentum equation is established for nonspherical particles with Reynolds number lower than 2. The equation is nonlinear in terms of the settling speed. A new approximation, taking into account the particle radius and shape, is presented. In the second section, the measured shape and aspect ratio of dust particles are summarized. In the third section, different values of aspect ratio are implemented in the treatment of gravitational settling in a global transport model. The results of simulations between spherical and nonspherical particles are compared. The effects of nonsphericity on dust mass loading, size distribution and surface concentration are analyzed. Finally, the importance and utility of the implementation of nonspherical particles in transport model will be discussed.
Measurements of Particles Shape
[5] There are very few measurements of particle shapes from air sampling. Okada et al. [2001] have determined the JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. D2, 4052, doi:10.1029 /2002JD002516, 2003 Copyright 2003 by the American Geophysical Union. 0148-0227/03/2002JD002516$09.00 aspect ratio distribution of dust collected in China. They screened their samples to analyze the shape of particles with size ranging from 0.2 to 4 mm diameter. They found that most of the particles in that size range can be considered as ellipsoid characterized by an aspect ratio (l) greater than 1. Their frequency distribution of aspect ratio is very similar to the one measured by Krotkov et al. [1999] for volcanic ash particles. The maximum frequency is for l $ 1.5, and the highest value of l is around 5. Okada et al. [2001] noted that particles larger than 4 mm have more complex shape and did not provide characteristic l values. Most particles with diameter less than 50 mm are clay or silt minerals. Glaccum and Prospero [1980] have measured the mineralogy of Saharan dust collected at Cape Verde. Their analysis indicated that the most frequent minerals are in decreasing order: illite ($50%), quartz (10 -20%), calcite, kaolinite, plagioclase, chlorite, and montmorillonite. Caquineau et al. [1998] have also measured dust mineralogy at Sal Island and showed large variations in mineralogy depending of the source areas. Electron microscopy can provide information on the shape properties. Grim [1968] reported characteristic values of diameter and thickness of several minerals from different studies using electron microscopy. The data are summarized in Table 1 . It appears from this table that the ratio between length and width of elongated minerals can be as high as 10.
Settling Velocity of Prolate Ellipsoid

Previous Formulations
[6] Formulations of settling speed as a function of shape have been established in the past for the atmosphere. Fuchs [1964] provided a detail analysis of fall speed of ellipsoids and cylinders for different elongations. However, he did not consider explicitly the nonlinear dependency of the fall speed for large Reynolds number. For Reynolds number less than 0.1, the nonlinearity is negligible and the Stokes law can be applied, but for larger Reynolds number such nonlinearity cannot be neglected. To solve the problem, Fuchs [1964] does not explicitly solve the equation but proposed an empirical formula. With actual computers, solving nonlinear equation is no more an issue. Turco et al. [1982] have established formula of fall speeds for mesospheric ice crystals. They considered cubic, hexagonal and cylindrical shapes for particle sizes ranging from 10 Å to 2.6 mm. Their formulations are established for particles at high altitude where fall speed depends linearly on the particle radius.
Settling Speed for Prolate Ellipsoid
[7] A particle of mass m p settling at a velocity u in a fluid is subjected to the gravitational force m p g and the drag force 
where u, g, and F drag are the vertical components of the velocity, the acceleration of gravity, and the drag force, respectively. At steady state, the settling particle reaches a terminal settling speed u 1 and (1) is simplified to F drag = Àm p g. The drag force is generally expressed in terms of an empirical drag coefficient C D such that
where A p is the projected area of the body normal to the flow, r is the fluid density. Dimensional analysis shows that the drag coefficient is correlated to the Reynolds number, Re. For a particle of diameter D p settling at a speed u 1 in a fluid of density r and dynamic viscosity m, the Reynolds number for the particle is given by Re = R e ¼ ru1Dp m . For spherical particles with D p < 100 mm, C D can be calculated, by the following correlation [Seinfeld and Pandis, 1998 ]:
For nonspherical particles, Boothroyd [1971] has established a correlation depending also on a sphericity factor È p , and given by
where the sphericity factor È p is the surface area of equivalent volume divided by the particle surface area (S p ) and is given by the formula:
where V p and S p are the particle volume and surface area, respectively. The drag coefficient decreases with increasing Reynolds number but for nonspherical particles the decrease is less pronounced. For example, with Re = 0.1 (or D p $ 20 mm in a standard atmosphere), the drag coefficient increases by a factor 2.5 from spherical (È p = 1) to elongated particles (È p = 0.1). 
and its aspect ratio l = a b > 1. The volume V p and the surface area S p of this ellipsoid are given by
with e ¼ ffiffiffiffiffiffiffiffiffi
The sphericity factor expressed in terms of l is given by
[10] The projected area A p will depend on the orientation of the main axis of the ellipsoid relative to the vertical. Theoretically, particles settling at terminal speed u 1 maintain a preferential orientation [Kagermann and Khler, 1982] . The orientation will depend on the initial conditions, the inertia of the particle and the environmental conditions. Considering the macroscopic scale of transport models, it is reasonable to assume that the ensemble of particles will be randomly oriented. If we consider a rotation q in the plane (X, Z ), the projected ellipse in the horizontal plane has a width b and a length a proj = a q. For randomly oriented particles, A p is replaced by the spherically averaged valueÂ p given bŷ
where E(e) is the complete elliptic integral of the second kind and 0
[12] By replacing each terms in (1) by their expression in l, we obtain the following expressions for u 1 , 1 þ 3 16
This equation is nonlinear in u 1 , and E(l) has no analytical solution. It has to be resolved numerically. As l increases, the terms E and È p decrease while C D increases. For l approaching 1, the terms È p , E, and C D tend to 1, p 2 , and 2, respectively, and u 1 is given by the Stokes' law, u 1 = D 2 p r p g 18m , for Re < 0.1.
[13] The value of the settling speed is deduced from (11) by solving numerically, for a given equivalent diameter (D p ) and aspect ratio (l), first the elliptic integral and then the nonlinear equation using the bisection method by bracketing u 1 values between 0 and 1 m s
À1
. Figure 1 shows the results of the calculation with D p varying from 0.1 to 100 mm, and l from 1 to 10 with a step of 1. The settling speed and the relative difference between spherical and nonspherical (Áu 1 = 100 Â
) are given on the left and right panels, respectively. For spherical particles, the settling speed varies quasi-linearly with the square of the particle size for D p < 10 mm. Beyond that diameter the settling speed is less sensitive to the particle size and ultimately will vary as the square root of the particle diameter as the drag C D tends to a constant value of 0.44. For all particle sizes, as the aspect ratio increases from 2 to 10, the settling speed decreases. For D p = 1 mm particle, the reduction is around 2%, 30%, and 55% for aspect ratio 2, 5, and 10, respectively. These values are comparable to the values calculated by Fuchs [1964] : 5%, 20%, and 60% respectively. The decrease of settling speed goes through an extremum for D p = 60 mm. The maximum reduction of speed is 85% for l = 10 which could be translated into a doubling of particle lifetime with respect to gravitational settling. Fuchs [1964] did not calculate the settling speed reduction for Re > 0.1.
[14] Using the frequency distribution of the aspect ration l given by Okada et al. [2001] and assuming that it is invariant of the particle size, the settling speed is calculated by solving (11). Figure 2 shows the percentage of relative reduction Áu 1 resulting from the calculation. The maximum reduction is only 10% for particle diameter around 60 mm. Surprisingly, for particles less than 1 mm diameter there is a negative reduction or an increase of the settling speed. Although this increase is less than 2%, it is interesting to understand its origin. In (11), the terms E and È p decrease with increasing D p while C D varies in the other direction. For l < 2, the term E Â C D is lower than 1. Fuchs [1964] observed also an increase of settling speed for particles settling along their polar axis and for aspect ratio less than 4. Figure 3 shows the values of Áu 1 for l varying from 0.2 to 2 with a 0.2 increment. For aspect ratio l less than 2, the reduction Áu 1 crosses the x axis at a diameter D p which decreases from 60 with l = 1.1 to 0.1 for l = 1.9.
[15] The relative reduction of the settling speed Áu 1 has been fitted to a Gaussian and quadratic function using six parameters a i ,
with z = [16] To investigate the effect of nonsphericity on dust distribution, the Georgia Institute of Technology Goddard GOCART model is used. The GOCART model has been described in details elsewhere [Chin et al., 2000; Ginoux et al., 2001; Chin et al., 2002] . The model simulates the global distribution of dust, sulfate, carbonaceous, and seasalt aerosols using assimilated meteorological fields by the Goddard Earth Observing System Data Assimilation System (GEOS DAS). The GEOS DAS fields are used to drive the dust emission, advection, convection, diffusion, removal by gravitational settling, dry deposition at the surface, and wet deposition. The wet deposition in the model includes rainout (in-cloud precipitation) and washout (below cloud precipitation) in large-scale precipitation and in deep convective cloud updraft. These last two fields are provided by GEOS DAS. Ginoux et al. [2001] have shown that with GOCART model, the main removal process is dry deposition: gravitational settling for large particles and impaction at the surface for submicron particles. Because the dust sources are located in arid regions, wet deposition is a significant removal mechanism only for submicron particles. Globally the wet deposition accounts for only 10-15% of the total dust removal. The dust sources are specified using a source function derived from the study of Prospero et al. [2002] . The dust emission is modified from the study of Ginoux et al. [2001] : the threshold velocity is here parameterized following the study of Iversen and White [1989] . Another difference with the study of Ginoux et al. [2001] is the addition of 4 size bins extending the size range up to 80 mm. The 0.2-80 mm size range is divided into for 8 size bins with their properties given in Table 3 . The mass size distribution into each classes is assumed constant except for the submicron particles for which it is assumed a lognormal distribution with a median diameter of 1.5 mm and a geometric standard deviation of 2. A 6 week simulation is performed from 1 March to 15 April 2001. The first 4 weeks are used for model spin-up.
Gravitational Settling Schemes
[17] Two numerical schemes are used to solve the advective transport by gravitational settling. The first one is the 
where (m p ) j n is the dust mass at grid level j and time n, Át is the time step and Áz is the vertical grid spacing. The scheme is conservative and computationally efficient, but it is diffusive. The second scheme, developed by Prather [1986] , is accurate and nondiffusive and it preserves the tracer structures by conserving the second-order moments of the spatial distribution. The drawback of the method is that it requires transport of the moments, which is computationally expensive. Both schemes are Eulerian and necessitate to satisfy the Courant-Friedricks-Levy (CFL) condition:
For all simulations, the time step is imposed to respect the CFL condition. The GOCART model time step is set to 20 min. At every model time step, the minimum Áz at every grid point is calculated, and a subtime step is imposed for each particle sizes such that its value is half
Áz minimum u 1 .
Effect of Nonsphericity on Model Results
[18] In this section, the effects of nonsphericity on simulated dust mass column, size distribution and surface concentration are analyzed, and the benefits of implementing nonsphericity in transport models are discussed.
Effect of Nonsphericity on Dust Mass Column
[19] Figure 4 shows the global distribution of dust mass column for spherical particles using the Prather [1986] scheme (upper panel), the difference of mass column when using the upwind scheme (second panel), the difference of mass column between spherical and ellipsoid with l = 2 (third panel) and 5 (fourth panel). The distributions are temporal average over the first 2 weeks of April 2001. The distribution of the upper panel is typical of Spring, with maxima dust loading over Sahel (Bodele depression) and China (Taklamakan and Gobi deserts). The transport from Africa to the Atlantic and from China to the North Pacific is clearly apparent. The second panel shows that diffusive numerical treatment of the settling underestimates the mass loading by as much as factor 2. Schulz et al. [1999] have already indicated the need for higher-order numerical technique for treating sedimentation process; but Figure 4 shows that the effect of nonsphericity is of second order compare to numerical diffusion. From the two bottom Figure 4 . Simulated mass column (g m À2 ) considering spherical particles using the Prather [1986] advective scheme (top), absolute difference with upwind scheme (second panel), and with Prather [1986] scheme and prolate ellipsoid when l = 2 (third panel) and 5 (bottom).
panels, it appears that nonsphericity affects the dust mass column only for very elongated particles. The effect is negligible with l = 2. For l = 5, the effect is significant mainly in the source area, but it also amplifies the longrange transport as it can be seen over the North Atlantic and Pacific. Table 4 gives the percentage difference of dust load, relative to the total dust loading of spherical particles, and the lifetime, for the 8 size bins and 3 aspect ratios. The values are established from the simulations of the first 2 weeks of April using the Prather [1986] scheme. It is important to note that the values in Table 4 are representative of April 2001, which is characterized by two severe dust storms over China (so-called perfect dust storms). Therefore, the lifetimes are not necessarily representative of other periods. The Asian dust storms are characterized by high altitude transport [Ginoux et al., 2001] and the results of this study will eventually overestimate the more general effects of nonsphericity. For any shape factor, Table 4 indicates that the maximum dust loading is around 4 -6 mm. As the size of the particle increases, the dust load is more sensitive to the shape factor, but the relative contribution rapidly declines. The lifetime of the largest particles with l = 5 is a factor 10 higher than the equivalent spherical particles, but it is still a factor 100 lower than for particles lower than 12 mm. The effect on the global dust loading, for l = 5, is an increase of the order of 25% which is not negligible.
Effect of Nonsphericity on Size Distribution
[20] Figure 5 shows the comparison between simulated and measured volume size distribution at six sites, in North Africa, and East Asia. The measured values have been retrieved from the AERONET data by an iterative inversion algorithm . This algorithm does not take into account nonsphericity. The size distributions are average values of the screened data using the criteria described by . The simulated values correspond to the exact same day and time (±3 hours) the data were collected. The six simulated size distributions include the Prather [1986] and the upwind schemes with l = 1, 2, and 5. With the Prather [1986] scheme, the simulated size distribution of spherical particle fit considerably better the observations. The comparison between the two settling schemes clearly shows that without a proper scheme wrong conclusions on the nonsphericity could be established based on numerical errors. have indicated that the error in the retrieval algorithm is lower than 10-35% for dust particles in the range 0.1 < radius < 7, but is as high as 80-100% for larger particles. In Figure 5 , a 35% error for particles less than 7 mm and a 100% error for larger particles are shown. None of the simulated size distributions are within the observation errors for all radii and at every Figure 5 . Comparison between observed (black bold line) with error bars (vertical thin lines) and simulated volume size distribution (mm 3 mm À2 ) with upwind scheme and l = 1 (light gray), 2 (dots light gray), and 5 (dash light gray) and with the Prather [1986] scheme and l =1 (dark gray), 2 (dots dark gray), and 5 (dash dark gray).
stations. The discrepancy is quite low for spherical and ellipsoid (l = 2) with the Prather [1986] scheme but there is no clear improvement with a particular assumption regarding the shape of the particles. The size distributions with an aspect ratio of 5 tend to produce a secondary maximum around 8 mm radius. However, an aspect ratio of 5 systematically overestimates the size distribution and if there are such elongated particles, their frequency should be rather low.
Effect of Nonsphericity on Surface Concentration
[21] As the lifetime of particles increases with l, an increase of surface concentration should be expected. Such increase will vary spatially depending of the other transport and removal processes. The interesting aspect to know is the eventual existence of a systematic underestimation of simulated surface concentration when comparing with in situ measurements, and if this bias is depending of the location. Figure 6 shows the surface concentration of nonspherical particle with l = 2, and the percentage difference with respect to spherical particles, for the 8 size bins. The concentrations are average values over the first 2 weeks of April 2001 using the Prather [1986] scheme. The concentrations of particles smaller than 6 mm are unaffected by the nonsphericity, as it is expected for particles primarily removed by wet deposition. For particles between 6 and 20 mm, the nonsphericity has a significant impact on surface concentration. The percentage change increases from $20% to 200% has D p increases from 9 to 15 mm, but the spatial range decreases. For particle larger than 20 mm, the impact is purely local over the source area and the percentage change of surface concentration tends toward the value of reduction of settling speed given in Table 3 . The contribution to total dust concentration is predominantly attributed to particles less than 12 mm outside source area. In that size range, the difference of surface concentration is less than 10% everywhere. Over the source area, particles around 16 mm dominate the total mass concentration but there is no impact of nonsphericity in such regions. For larger particles, the nonsphericity change by about 50% the total concentration, but their contribution to the mass concentration is very low. The only regions where nonsphericity seems to play a significant role, of the order of 10-20%, is outside but in the vicinity of the source regions. The two typical regions are the Eastern part of the North Atlantic, and the sea of Japan, off the coast of China. In summary, global modelers will not significantly improve their results by including nonsphericity in the treatment of sedimentation. However, including nonspherical effects actually reduces the computational cost because a reduction of u 1 relaxes the CFL condition. The only added cost is to multiply the settling speed by the corresponding reduction values given in Table 3 . The benefit to regional model is more appreciable, particularly for the study of dust export from source areas (i.e., Ace-Asia field campaign). If one can measure the shape of particle larger than 4 mm to complement the Okada et al. [2001] data, the model simulations could be improved by about 10-20% in case of nonspherical particles with l = 2.
Conclusions
[22] The effects of nonsphericity on dust mass column, size distribution and surface concentration is investigated at the global scale. These effects are analyzed using the global transport model GOCART with a modified settling scheme. The settling speed in this scheme is derived from a nonlinear equation assuming that the particle's shape corresponds to prolate ellipsoid and the particles are randomly oriented in their settling. The choice of the particle shape is based on in situ measurements of Asian dust showing that particles shape look like ellipsoid with the most frequent aspect ratio around 1.5. Higher aspect ratios are observed, although are less frequent. The analysis is performed for prolate ellipsoid with aspect ratios varying from 1 (spherical particles) to 10 (very elongated particle). The settling speed is reduced for all particle sizes when the aspect ratio is greater than 1.5. The reduction is maximum for particle size around 60 mm where it varies from 10% (l = 2) to 85% (l = 10). For lower l, the sign of the reduction is a function of the particle size and the l value. The reduction is approximated by a quadratic and a Gaussian with 6 parameters. The fitting parameters for l = 2 and 5 are implemented in the GOCART global transport model. The size distribution is discretized into eight size bins, ranging from 0.2 to 70 mm, and a simulation covering the first 2 weeks of April 2001 is realized. The results indicate no significant effect on dust loading for l = 2 and a 25% increase for l = 5. Comparison of size distribution with ground-based measurements indicate that particles with aspect ratio of 5 should be rather infrequent. The major effect with such aspect ratio is to produce a secondary maximum around 8 mm radius. For lower aspect ratios, the model imprecision does not allow to determine the effect of nonsphericity on the size distribution. The comparison of two numerical techniques for solving sedimentation shows that the effect of nonsphericity is of second order compare to numerical diffusion. The use of a higher-order method considerably improves the comparison with observed size distribution, particularly for the largest particles. This suggests that models which have difficulties to reproduce the concentration of particles with diameter larger than 10 mm should try a higher-order advective scheme. The effect on surface concentration is more complex and varies spatially with the particle size. The most affected particles are in the 6-15 mm size range outside the source regions and particles larger than 20 mm over the source area. The contribution to the total dust concentration is rather limited and does not exceed 20% a short distance from the source regions. Global modeling results will not significantly improve from the implementation of nonsphericity. On the other hand, its implementation will relax the CFL conditions which is a major burden when solving advective equation. The benefit for regional study of dust export from source area could be more substantial but there is unfortunately no existing data on shape factor for particles greater than 4 mm. The choice of a shape factor should then be conservative and value of 2 or less should be selected. Based on existing data, it does not seem that the nonsphericity of particles could explain the observed longrange transport of so-called giant particles. However, if observation of their shape reveals aspect ratios greater than 2, then these conclusions should be revised.
